Fermilab-Pub-12/319-E Measurement of leptonic asymmetries and top quark polarization in tt production (Dated: June 21, 2012) We present measurements of lepton (ℓ) angular distributions in in top-quark (t) pair production and tt → W + bW −b → ℓ + νbℓ −νb decays produced in pp collisions at a center-of-mass energy of √ s = 1.96 TeV, where ℓ is an electron or muon. Using data corresponding to an integrated luminosity of 5.4 fb −1 , collected with the D0 detector at the Fermilab Tevatron Collider, we measure for the first time the leptonic forward-backward asymmetry in dilepton final states and obtain A ℓ FB = (5.8 ± 5.1(stat) ± 1.3(syst))%, corrected for detector acceptance. This is compared to the standard model prediction of A ℓ FB (predicted) = (4.7 ± 0.1)%. A deviation from the standard model prediction as previously seen in a DØ measurement based on the analysis of the ℓ+jets final state is not observed in these dilepton final states. The two results differ from each other by 1.4 standard deviations and are combined to obtain A ℓ FB = (11.8 ± 3.2)%. Furthermore, we present a first study of the top-quark polarization.
PACS numbers: 14.65.Ha, 12.38.Qk, 13.85.Qk, 11.30.Er To check the validity of the standard model (SM) of elementary particle physics and to search for possible extensions, we measure the properties of the top (t) quark. At the Tevatron pp collider, with √ s = 1.96 TeV, tt production is dominated by quark-antiquark (qq) annihilation. At leading order (LO) in perturbative quantum chromodynamics (QCD), production of tt pairs throughannihilation is expected to be forward-backward (FB) symmetric in the center-of-mass frame. At next-to-leading order (NLO) QCD, interference leads to a small positive FB asymmetry, which implies that the top (antitop) quark is emitted with higher probability in the direction of the incoming quark (antiquark) than in the opposite direction. Top pair production through gluon-gluon fusion does not lead to such a FB asymmetry.
SM predictions for the FB asymmetry can be modified by processes beyond the SM [1, 2] , such as contributions from hypothesized axigluons [3] , Z ′ or W ′ bosons [4] , and new scalars [5] . These sources of physics beyond the SM also modify observables sensitive to the top-quark polarization [6] .
The CDF and D0 Collaborations have performed measurements of the tt FB asymmetry in ℓ + jets final states involving signatures with exactly one charged lepton, jets and an imbalance in transverse momentum (E / T ) [7] [8] [9] . Both collaborations reported measured asymmetries significantly larger than predicted in NLO QCD. D0 finds a significant deviation from NLO QCD predictions of the order of three standard deviations (SD) [8] . The asymmetry in CDF data differs by more than three SD from the NLO QCD prediction at large values of the tt invariant mass (m t > 450 GeV) [7] . The ATLAS and CMS Collaborations have performed measurements of the difference in angular distributions between top quarks and antiquarks in the ℓ + jets final state using asymmetries based on the top-quark and antiquark rapidities [11, 12] and pseudorapidities [12] . The results are consistent with the SM expectations.
In this article, we test if an excess in the FB asymmetry similar to the one seen in ℓ + jets final states can also be observed in previously unexplored dilepton final states, where the W bosons from t andt decays both decay into eν e , µν µ , or τ ν τ , and the τ lepton decays leptonically (τ → ℓν ℓ ν τ ). We use data corresponding to an integrated luminosity of 5.4 fb −1 , collected with the D0 detector in Run II of the Fermilab Tevatron Collider.
In addition to the tt FB asymmetry, where a full reconstruction of the tt event is required, one can also study the FB asymmetry through the t andt decay products, for example, in the distributions of charged leptons (ℓ = e, µ)
decays. Here, we investigate such simpler leptonic asymmetries. To study the nature of a possible excess we present measurements of six different types of leptonic asymmetries based on the pseudorapidity and charge of the electrons or muons. Since these asymmetries are determined from the angles of the charged leptons, they are measured with high resolution. In addition, we combine the measurement of the leptonic FB asymmetry with the D0 measurement performed in ℓ + jets final states [8] .
It is important to perform measurements of both the tt FB asymmetry and the leptonic FB asymmetry, because their correlation can be related through top-quark polarization to the underlying dynamics of top-quark production [13] . For this reason, we also present a first study of the longitudinal polarization of the top quark in this article.
A description of the D0 detector can be found in [14] . The selection criteria and object identification of the dilepton (ee, eµ, µµ) decay channels follow those described in Ref. [15] . To enrich the sample in tt events, we require two isolated, oppositely charged leptons with transverse momentum p T > 15 GeV and at least two jets with p T > 20 GeV and detector pseudorapidity |η det | < 2.5 [10] . For the eµ channel we require that H T (defined as the scalar sum of the larger of the two lepton-p T values and the scalar p T of each of the two most energetic jets) be greater than 110 GeV. For ee and µµ events we compute a likelihood for the significance of E / T [16] , based on the probability distribution calculated from the value of E / T and the lepton and jet energy resolutions. We require this likelihood to exceed the value typical for background events. We find that only the µµ channel benefits from an additional restriction on E / T and, to increase signal purity, we therefore require E / T > 40 GeV for the µµ final state. We select a tt sample with a signal to background ratio of 3.2, 3.7 and 0.9 in the ee, eµ and µµ final states, respectively.
To simulate tt production, the mc@nlo [17] generator is used assuming m t = 172.5 GeV. The production of top quarks is simulated at NLO, while the decay is simulated only at LO. To include full NLO QCD corrections to both production and decay as well as mixed QCD and quantum electrodynamic corrections and mixed QCD and weak corrections to the production amplitudes (denoted by "QCD+EW"), we simultaneously correct the normalized lepton and antilepton rapidity distributions in mc@nlo using the predictions of Ref. [18] . herwig [19] is used to simulate fragmentation, hadronization and decays of short-lived particles, and the generated events are processed through a full detector simulation using geant [20] . The Monte Carlo (MC) events are overlaid with data from random bunch crossings to model the effect of detector noise and additional pp interactions. The same reconstruction programs are then applied to data and MC events. The background in the dilepton channel arises from Z/γ * → ℓ + ℓ − and diboson events (W W , WZ and ZZ) with associated jets, from instrumental background where a jet is misidentified as a lepton, and from heavy quarks that decay into leptons that pass isolation requirements. A detailed description of these processes and their generation can be found in Ref. [21] .
Leptons are reconstructed with excellent resolution on the measurements of their angles and electric charge. In contrast, it is challenging to reconstruct the fourmomenta of the t andt quarks, since the kinematics is underconstrained because of the two neutrinos in the final state. Rather than determining the t andt fourmomenta, as in Refs. [7] [8] [9] , we measure observables correlated to the FB asymmetry, which depend solely on the η and electric charge of the lepton ℓ, as proposed in Ref. [6] . The asymmetry for leptons is defined as
where N ℓ − (η) and N ℓ + (η) correspond to the number of leptons and antileptons as a function of η, respectively. If CP invariance holds in tt production and decay, then
, and A ℓ is equal to the leptonic FB asymmetry,
The asymmetries A ℓ + FB and A ℓ − FB are statistically independent and opposite. We can therefore combine the asymmetries for ℓ + and ℓ − by multiplying η with the charge Q of each lepton:
In analogy to the FB asymmetry for t andt quarks, we define an angular asymmetry for leptons:
where ∆η = η ℓ + − η ℓ − . The asymmetry A ℓ CP corresponds to a longitudinal asymmetry in spin orientation relative to the proton beam direction. It is defined as
This asymmetry is sensitive to s-channel exchanges of heavy nonscalar resonances with CP -violating couplings to quarks, but not to possible P -and CP -violating effects from an s-channel exchange of Higgs bosons [6] . The asymmetries are measured in four ways using η and Q of the leptons: separate η distributions for (i) ℓ + and (ii) ℓ − , (iii) the charge-signed pseudorapidity, Q · η, and (iv) ∆η. They are presented in Fig. 1 . To extract the asymmetries for tt events from the distributions shown in Fig. 1 , we subtract the background and then correct for effects from event reconstruction and acceptance. The correction for detector acceptance is performed by multiplying the background-subtracted number of events with the inverse of the selection efficiency. This is calculated using tt MC events, where we evaluate the selection efficiency separately for 20 bins in lepton η, to reduce the model dependence of our acceptance correction and to provide sufficient MC statistics.
The resolution of the measurement of lepton η is obtained from studies of tt MC events by comparing the generated value of η with the value measured following the event reconstruction. For electrons and muons, we use the η of tracks measured in the tracking system and find this resolution to be the same for both types of leptons. This resolution is also investigated using cosmicray muons that appear as dimuon events and is found to be ≈ 0.0026, consistent with the MC expectation. For ≈ 99.8% of the electrons or muons in tt MC events, the sign of lepton η is correctly reconstructed. Migration of events within the "forward" or "backward" regions does not affect the reconstructed angular asymmetry except for negligible acceptance corrections. The reconstruction effects on the measurement of η can therefore be neglected for charged leptons.
The Z+jets background, which is predicted through MC simulation [21] , contributes to the asymmetry. To study the influence of the Z+jets background, we perform measurements of all six asymmetries in a sample dominated by Z+jets production in final states with two electrons or two muons. Applying the same event selections as for the final tt enriched sample, except for the E / T significance likelihood and E / T requirements, all asymmetries are measured using the same procedure as for the measurement of tt asymmetries, but treating Z+jets as "signal" and tt as "background." In this control sample, all other background contributions are negligible. The data and MC predictions for the η distribution of positively and negatively charged leptons, for Q · η, and ∆η, are in good agreement, as presented in [22] . To verify that the measurement of the tt asymmetries is unbiased and correctly estimates the statistical uncertainty of the result, we perform the measurement using ensembles of MC pseudoexperiments. To obtain samples with different asymmetries, we mix a tt MC event sample weighted to have no asymmetry with different fractions of tt MC events with a SM asymmetry. We fluctuate the expected number of events in the "forward" and "backward" direction for each pseudoexperiment assuming Poisson statistics and apply the same procedure as for data to extract the asymmetry. This test shows that the measurement is unbiased and that the statistical uncertainties are estimated correctly.
Systematic uncertainties can affect the distributions in lepton η. In particular, the energy scale for jets, the jet energy resolution, the jet reconstruction, the normalization of background, the MC-derived acceptance, and the finite number of MC events can shift the measured asym- metry. The normalization of the background has uncertainties from diboson and Z+jets cross sections, as well as a 6.1% uncertainty on the data sample's integrated luminosity. The systematic uncertainties on the light-and heavy-flavor jet energy scales, the jet energy resolution, and the jet reconstruction can affect the acceptance. We evaluate the size of these uncertainties by applying the variation in acceptance corrections and in the differential distribution of lepton η in deriving the tt asymmetry.
In addition, we compare the acceptance from single leptons obtained from simulated tt events with the acceptance obtained from Z → ℓ + ℓ − data. We select a data sample enriched in Z → ℓ + ℓ − events, where one lepton is required to pass tight lepton-selection criteria to function as a "tag" and the other "probe" lepton to pass a loose lepton selection. The acceptance is evaluated as a function of η by applying a tight-lepton identification requirement on the probe. No significant difference is observed between the acceptance for positive or negative pseudorapidities, or between positively and negatively charged leptons. A systematic uncertainty on the acceptance is defined for each lepton charge by the difference in acceptance between the forward and backward hemisphere of the detector. This study is performed separately for electrons and muons. The systematic uncertainties are added in quadrature to yield the total systematic uncertainties given in Table 1 .
Using the distributions in Fig. 1 , the lepton asymmetries of Eqs. (1)- (5) are measured. The raw asymmetries are corrected for acceptance effects ("unfolded") and compared to the predictions from mc@nlo including QCD+EW corrections [6] . All values are listed in Table 2 . The unfolded asymmetries are in agreement with the SM predictions within errors.
The asymmetry A ℓ FB defined in Eq. (2) is also measured in ℓ+jets final states [8] . The result for A ℓ FB = (15.2 ± 4.0)% is compared to a predicted value from mc@nlo of (2.1 ± 0.1)% in Ref. [17] . We checked that our current predicted asymmetry of (4.7 ± 0.1)% is independent of the final state and that the difference from the prediction given in Ref. [17] , which should be considered superseded, is only due to the additional QCD+EW corrections as described previously. The dominant systematic uncertainty on the prediction and on our measurement in dilepton final states is given by jet recon- (1)- (5), including statistical and systematic uncertainties for the combined dilepton final states using raw and unfolded distributions are compared to predictions from mc@nlo including QCD+EW corrections. Our predictions are calculated using the NLO QCD+EW distributions in both numerator and denominator of Eqs. (1)- (5). This is different from the calculations in Refs. [6, 18] where the denominator is calculated in LO QCD to derive expressions for the asymmetries of O(αs). All values are given in %.
Raw
Unfolded Predicted A ℓ 2.9 ± 6.1 ± 0.9 2.5 ± 7.1 ± 1. Since the ℓ+jets and dilepton final states are selected to be statistically independent, we can combine the two asymmetries A ℓ FB using the BLUE method [23, 24] . All systematic uncertainties evaluated in both measurements are treated as fully correlated. The difference between the two individual measurements is 1.4 SD. The combination yields a leptonic FB asymmetry of A ℓ FB = (11.8 ± 3.2)%, where the ℓ+jets channel contributes 64% and the dilepton channel 36% of the information. This represents an improvement of about 20% relative to the uncertainty in the ℓ+jets channel alone. Comparing the combined result to the predicted leptonic FB asymmetry from mc@nlo plus higher order QCD+EW corrections, A ℓ FB (predicted) = (4.7 ± 0.1)%, we observe a disagreement at the level of 2.2 SD.
To further investigate this deviation of the asymmetry from the SM prediction, we analyze the longitudinal polarization of the top quark. While in the SM top quarks are expected to be produced unpolarized in tt events, there are many beyond the SM models that would enhance the tt FB asymmetry [1] and therefore the leptonic asymmetries defined in Eqs. (1)- (5), and would also lead to a nonvanishing longitudinal polarization of the top quark. Examples are models with new parityviolating interactions. In the absence of effects from acceptance, the distribution of cos θ − and cos θ + should be isotropic [6] for unpolarized top quarks, where θ + (θ − ) is the angle between the direction of the ℓ + (ℓ − ) in the t (t) rest frame and the t (t) direction in the tt rest frame. A longitudinal polarization of the top quark would cause asymmetric cos θ ± distributions. Assuming CP invariance, i.e. that the distributions of cos θ + and cos θ − are equal, we measure the distribution f cos θ, defined by the sum of the cos θ ± distributions. The The same Z ′ model as in [26, 27] is used.
calculation of the angles θ ± requires a transformation of the momenta of the charged leptons into the t andt quark rest frames. Every event must therefore be fully reconstructed. This is performed using the neutrino weighting method, devised originally to measure the top-quark mass in the dilepton channel [25] and recently applied to measure tt spin correlations [21] .
In Fig. 2 , the cos θ distribution is shown separately for the dilepton and ℓ+jets final states. The distribution for tt events produced via a leptophobic topcolor Z ′ boson, with the same parity-violating couplings to quarks as the SM Z boson and a width Γ = 0.012M Z [26, 27] is also shown to illustrate the effect of producing t andt quarks with longitudinal polarization. The agreement between the data and the SM prediction in both distributions is good, yielding a Kolmogorov-Smirnov test probability of 14% in the dilepton channel and 58% in the ℓ+jets channel. There is no significant hint of new sources of parity violation leading to a longitudinal polarization in tt production.
In conclusion, we measured angular asymmetries in tt production based on η distributions of charged leptons in dilepton final states for the first time. We find the leptonic FB asymmetry A ℓ FB and the lepton asymmetry A ℓℓ in agreement with zero and with the SM prediction and do not observe an excess such as previously reported in ℓ+jets final states. Combining our measurement of A ℓ FB with the measurement performed using leptons in ℓ+jets final states yields A ℓ FB = (11.8 ± 3.2)%, which is 2.2 SD above the calculated value including higher order QCD+EW corrections of A ℓ FB (predicted) = (4.7 ± 0.1)%. To explore the nature of this deviation, the top-quark polarization in the dilepton and ℓ+jets final states has been studied for the first time and shows good agreement between the data and the SM prediction in both channels. 
